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ABSTRACT Thedistribution andmovement of elemental ions in biologic tissues is critical formany cellular processes. In contrast
to chemical techniques for imaging the intracellular distribution of ions, however, techniques for imaging the distribution of ions
across tissues are not well developed.We used time-of-ﬂight secondary ionmass spectrometry (TOF-SIMS) to obtain nonlabeled
high-resolution analytic images of ion distribution in ischemic retinal tissues. Marked changes in Ca21 distribution, compared with
other fundamental ions, such as Na1, K1, and Mg21, were detected during the progression of ischemia. Furthermore, the Ca21
redistribution pattern correlated closely with TUNEL-positive (positive for terminal deoxynucleotidyl transferase-mediated 29-
deoxyuridine 59-triphosphate nick end-labeling) cell death in ischemic retinas. After treatment with a calcium chelator, Ca21 ion
redistribution was delayed, resulting in a decrease in TUNEL-positive cells. These results indicate that ischemia-induced Ca21
redistribution within retinal tissues is associated with the order of apoptotic cell death, which possibly explains the different
susceptibility of various types of retinal cells to ischemia. Thus, theTOF-SIMS technique provides a tool for the study of intercellular
communication by Ca21 ion movement.
INTRODUCTION
Several biologic disorders result from or induce abnormal
levels of essential ions (1,2), and monitoring these ions can
assist in the diagnosis and prevention of disorders. There are
several available methodologies to measure both free and
bound cations in cells, including ﬂuorescent indicators, ra-
diographic crystallography, and radiographic microanalysis.
However, there are currently several technical problems in
the direct detection of ion movement in tissues. In this in-
vestigation, we used nonlabeling time-of-ﬂight secondary ion
mass spectrometry (TOF-SIMS) to obtain high-resolution
analytic images of ion distribution in ischemic mice retinal
tissues.
TOF-SIMS, a highly sensitive surface analysis technique
originally developed for material science, is presently applied
to the imaging of biomolecules (3–6). TOF-SIMS has several
advantages over conventional imaging techniques. No treat-
ment is necessary to acquire ion images, which allows the
integrity of biologic samples to be preserved. Thus, nonla-
beled tissue samples are detected without ﬁxatives, markers,
or stains. Additionally, with TOF-SIMS technology, all molec-
ular ions as well as elemental ions can be detected simulta-
neously with high sensitivity and excellent spatial resolution.
Until recently, in vivo or ex vivo ion imaging of biologic
samples mostly using chemical imaging techniques has been
reported, but this approach has signiﬁcant limitations in the
context of complex multicellular organs because of the in-
adequate stability of ﬂuorescent dye and because only a
single ion can be detected at a time. Especially with ﬂuo-
rescent probes, it is critical to be aware of the speciﬁcity and
relative selectivity of a probe for the targeted ion (7). For
example, although Fura-2 is best known as Ca21 indicator, its
use is actually complicated by competitive binding of other
cations, such as the Zn21 ion (8,9). Moreover, properties
such as the selectivity and sensitivity of a metalloﬂuorescent
probe are inﬂuenced by factors in the experimental envi-
ronment. Therefore, more selective probes are needed to
deﬁne the targeted ion signaling. Because TOF-SIMS detects
ions using the intrinsic property of molecular mass, the in-
formation obtained from TOF-SIMS could be excluded from
consideration because of speciﬁcity. We used TOF-SIMS
imaging on ischemia-induced mice retina tissues to directly
evaluate changes in ion distribution in ischemia conditions.
The retina is composed of three layers of nerve cell
bodies—ganglion cell layer (GCL), inner nuclear layer (INL),
and outer nuclear layer (ONL)—and two layers of synapses—
inner plexiform layer (IPL) and outer plexiform layer (OPL)—
so that six different types of cells contact one another; thus, it
serves as a good model for intercellular communication be-
tween various neuronal cells. Retinal ischemia is a common
cause of visual impairment and blindness (10,11). Ischemia
affects all cell types in the retina, and leads to loss of cells
within retinal tissue. Mammalian retinal ischemia results in
irreversible morphologic and functional changes mediated by
a number of pathophysiologic processes, including glutamate
toxicity and free-radical formation, which ultimately end in
damage to retinal neurons and cell death by apoptosis (10,12–
15). Neuronal cells in the inner nuclear layer of the retina
display signiﬁcantly enhanced susceptibility to retinal is-
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chemia, compared with outer layer neurons (13,16). How-
ever, little is known about the speciﬁc molecular pathways
involved in the degree of susceptibility of different neurons to
ischemia and apoptotic cascade between different neuronal
cells in intact retinal tissue.
MATERIALS AND METHODS
Ischemic model
All protocols were approved by the Association for Research in Vision and
Ophthalmology statement for the use of animals in ophthalmic and vision
research. We induced permanent focal cerebral ischemia by occlusion of the
common carotid artery with 6-0 Vicryl sutures (Johnson & Johnson, New
Brunswick, NJ) in male c57BLmice, following modiﬁed ligation procedures
(17,18). While the mice were under halothane anesthesia, a small longitu-
dinal incision was made along the midline of neck and the left common
carotid artery was exposed. The artery was permanently double-ligated and
transected in the middle between two sites. The incision was sutured using
6-0 Vicryl sutures, and the animals were left to recover for 2 h. For calcium
chelation, 20 mM of BAPTA-AM [1,2-bis(2-aminophenoxy)ethane-n,n,n9,
n9-tetraacetic acid-acetoxymethyl ester] was injected intraocularly before the
induction of ischemia.
Tissue preparation
Eyeballs were cut into semi-thin sections and covered with Tissue-Tek
O.C.T. Compound (Sakura Finetek Europe, Zoeterwoude, the Netherlands).
Serial 8-mm sections were dissected with a cryo-ultramicrotome (HM560,
Zeiss, Oberkochen, Germany) and air-dried.
Analysis by time-of-ﬂight secondary ion
mass spectrometry
TOF-SIMS was performed using a TOF-SIMS V instrument (ION-TOF
GmbH, Mu¨nster, Germany) with 25-keV Au11 primary ions (average current
of 0.94 pA, pulse width of 16.8 ns, repetition rate of 10 kHz) or 25-keV Bi213
primary ions (average current of 0.2 pA, pulse width of 25.0 ns, repetition
rate of 10 kHz). TOF-SIMS images for the retina samples were obtained by
randomly rastering the 25-keV Au11 beam with a primary ion inﬂuence of
53 1012 ionscm2 or the Bi213 beam with a primary ion inﬂuence of 1.53
1012 ionscm2, in either case over a surface area of ;300 3 300 mm2. To
remove possible surface contamination layers, we presputtered each retina
surface for 3 min (Au11 DC current of 18 nA) or 15 s (Bi
21
3 DC current of 10
nA) before image acquisition. The analysis area was charge-compensated by
low-energy electron ﬂooding. Mass resolution was usually higher than 6000
at m/z 27 in the positive mode. Positive ion spectra were internally calibrated
using CH13 ; C2H
1
3 ; and C3H
1
5 peaks. The average area proﬁles of Na
1, K1,
Mg1, and Ca1 images were obtained for the total retina area using IonImage
(ION-TOF GmbH) software.
Immunohistochemistry
Terminal deoxynucleotidyl transferase-mediated nick end-labeling (TUNEL)
assays using 2’-deoxyuridine 59-triphosphate were performed using the
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore, Billerica,
MA) and In Situ Cell Death Detection Kit (Roche, Basel, Switzerland). All
immunostaining experiments were performed using standard procedures.
Ca21 imaging
For simultaneously recording the changes in intracellular Ca21, Neuro2A
was loaded with 5 mM ﬂuo-4/AM (Molecular Probes, Invitrogen, Carlsbad,
CA) for 40 min at 37C. Cells were pretreated with 10 mM BAPTA/AM for
Ca21 chelation, then with 10 mMNaN3 in a glucose-free buffer for chemical
ischemia. Images were acquired using confocal microscopy (Leica, Wetzlar,
Germany).
Western blot analysis
Total protein (30 mg) was extracted from cells immunoblotted with speciﬁc
antibodies to active caspase-3 (cell signaling), poly(ADP)ribose polymerase
(PARP) cell signaling, and a-tubulin (Sigma, St. Louis, MO).
RESULTS
Ion mapping of ischemic retinas by time-of-ﬂight
secondary ion mass spectrometry
Normal neuronal membrane processes and ionic homeostasis
are markedly affected by the lack of cellular energy that re-
sults from ischemic insult. Thus, we assessed ischemia-in-
duced changes in the most abundant cations in eukaryotic
cells—speciﬁcally, Na1, K1, Mg21, and Ca21. These cat-
ions are fundamental for multiple cellular processes in every
phase of life, including cell growth and differentiation, de-
velopment, cell-to-cell interactions, morphology, motility,
and apoptosis leading to cell death (1,2,19).
Fig. 1 a shows the schematic diagram of an experimental
setup and cross-sectional view of the retina, which is com-
posed of three layers of nerve cell bodies (GCL, INL, ONL)
and two layers of synapses (IPL, OPL). Normal and ischemic
mice retinas were dissected, cryostat-sectioned, and analyzed
by TOF-SIMS. Among the various ions, we initially detected
Na1, K1, Mg21, and Ca21 ions in normal and ischemic
mouse retinal samples and proﬁled their intensities. Intensi-
ties are presented in Fig. 1 b by a color scale where bright
colors correspond to high, and dark colors correspond to low,
intensities. The average area proﬁles of Na1, K1, Mg1, and
Ca21 images were obtained for the total retina area. In TOF-
SIMS studies of normal and ischemic retinas, signiﬁcant
amounts of Na1 and K1 were detected in all layers of retina,
so we could not detect any signiﬁcant differences in the
distribution of these ions between normal and ischemic ret-
inas. Singly ionized Mg21 (labeled as Mg1 in Fig. 1 b) was
detected mainly in the nuclear layers, including GCL, INL,
and ONL, and no changes in its distribution were evident
between normal and ischemic retinas. However, distribution
of singly ionized Ca21 (labeled as ‘‘Ca1’’ in Fig. 1 b) was
markedly altered in ischemic retinas. Area proﬁles obtained
through molecular-speciﬁc images to compare the relative
distribution of each ion across the retinal cell layers show
distinct changes in Ca21 during retinal ischemia (Fig. 1 b).
Ca21 redistribution leads to retinal cell death
As shown in Fig. 2 a, the Ca21 ion was mainly located in
nuclear layers, including GCL, INL, and ONL in control
mice, but was detected speciﬁcally in GCL and plexiform
layers, including IPL and OPL, which contain axons and
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FIGURE 1 Experimental setup and ion mapping of mouse ischemia by TOF-SIMS. (a) Schematic drawing of the experimental setup. Cryostat-sectioned
mice retinas were air-dried, and then analyzed by TOF-SIMS. (b) TOF-SIMS images of mouse retina sections. (Squares indicate area of retina detected.) Na1
(m/z 22.99), K1 (m/z 38.96), Mg1 (m/z 23.98), and Ca1 (m/z 39.96) ion mapping and their area proﬁles. GCL, ganglion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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dendrites, at 12 h after ischemia induction. Ca21 ion began to
be diffusely dispersed in retinal INL at 24 h after ischemia
induction. In 48-h and 72-h post-ischemic retinas, Ca21 was
diffusely distributed without discrimination of layers and its
expression decreased with a relatively linear slope from
GCL. Calcium ions, which are cellular messengers, mediate
many cellular functions. Reports of investigations by other
researchers have suggested that various apoptotic stimuli
affect the intracellular Ca21 concentration and that the Ca21
ion is a major mediator of neuronal cell death (20,21).
FIGURE 2 Correlation between Ca21 redistribution and retinal cell death. (a) Changes in Ca21 ion distribution during retinal ischemia were measured by
TOF-SIMS, and their intensities were proﬁled. Ischemic retinas displayed TUNEL evidence of neuronal death, compared with the sham-operated control
retina, in a time-dependent manner. (Squares indicate area of retina detected; dotted lines indicate borders of each layer of retina.) (b) Schematic representation
of the relationship between Ca21 ion movement and TUNEL-positive cell death in retinal ischemia. Ca21 ion movement induced by ischemia within retinal
layers leads to cell death.
4098 Kim et al.
Biophysical Journal 94(10) 4095–4102
Accordingly, we assessed neuronal cell death during retinal
ischemia using the TUNEL assay, which allowed the detec-
tion of controlled DNA cleavage in apoptotic cells. TUNEL-
positive cells were not detected in control retinas at any of
the timepoints analyzed, whereas a time-dependent increase
in TUNEL-positive cells within different retinal cell layers
was observed in ischemic retinas (Fig. 2 a). Speciﬁcally, the
distribution of TUNEL-positive cells progressed from GCL
to ONL, which was detected in GCL at the 12-h point,
INL at the 24-h point, and in ONL at the 48-h point after
ischemia.
Fig. 2 b shows the scheme of the relationship between
Ca21 distribution and retina neuronal cell death. Ca21 was
initially detected in nuclear layers (GCL, INL, and ONL) in
normal retina, plexiform layers (IPL, OPL) and GCL at 12 h
of ischemia progressed to INL at 24 h of ischemia, and ﬁnally
diffused into ONL at 48 h and 72 h of ischemia. Ca21 re-
distribution with ischemic progression shows that before
induction of active apoptosis, dynamic movement of Ca21 in
the tissue is followed by deﬁnite neuronal cell death.
Ca21 signals trigger apoptosis and lead to the activation of
calpains and caspases (22,23). Calpains and caspases are
cysteine proteases that are important in cell death, and they
display crosstalk in the regulation of apoptosis. To conﬁrm
the effects of Ca21 movement on neuronal cell death in is-
chemic retinas, we determined the expression of Ca21-acti-
vated proapoptotic proteases, caspase-3, and m-calpain (Fig.
3). Immunoreactivity of active caspase-3 was altered in
correlation with the redistribution of Ca21 detected in is-
chemic retinas, whereby apoptosis progressed from GCL to
INL and ONL. Active caspase-3 was initially detected in the
plexiform layers at 12 h, and in the nuclear layers (GCL, INL,
and ONL) at 12 h, 24 h, and 48 h, respectively. Furthermore,
m-calpain distribution changed over the course of ischemia,
and corresponded to the state of pathology of each retinal
layer. Slight immunostaining ofm-calpain was detected in the
plexiform layers of normal retina and more intensively in the
nuclear layers during ischemia. Therefore, the patterns of
caspase-3 and m-calpain activation correlate positively with
results of the TUNEL assay. The possible translocation of
caspase-3 and m-calpain to the nucleus implicates these
proteases in apoptotic machinery at the nuclear level (24,25).
Translocation of caspase-3 and m-calpain to nuclear layers of
the retina is associated with Ca21 distribution during ische-
mia, which may play a role in apoptosis.
Calcium chelator reduces apoptotic cell death
To assess the biologic meaning of changes in Ca21 distri-
bution detected by TOF-SIMS, we observed Ca21 mobiliza-
tion in vitro (Fig. 4, a–c). Neuro2A, a mouse neuroblastoma
cell line, was rendered chemically ischemic by use of mito-
chondrial inhibitor NaN3, and by the omission of glucose.
Fluo-4-labeled Ca21 ﬂuorescence began to increase after the
onset of ischemia, which was blocked by pretreatment with
calcium chelator BAPTA-AM (Fig. 4 a). The Neuro2A nu-
cleus displayed a distinctly lower Ca21 concentration than
the perinuclear region and other areas of the cytoplasm. In
contrast, after exposure to chemical ischemia conditions, in-
crease in Ca21 ﬂuorescence was detected in both cytoplasmic
FIGURE 3 Upregulation of active caspase-3 and m-calpain after retinal ischemia. (a) TUNEL staining and immunoreactivities of (b) active caspase-3 and (c)
m-calpain in mice ischemic retinas. Sections of mice retina were immunostained with antibodies speciﬁc for active caspase-3 (green) and m-calpain (red).
Nuclei were stained with propidium iodide (red, b) or Hoechst (blue, c), respectively.
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FIGURE 4 Calcium chelation with BAPTA-AM suppresses retinal cell death under in vitro and in vivo ischemic conditions. (a) Chemical ischemia induced
the intracellular Ca21 content in ﬂuo-4-loaded Neuro2A cells, which was blocked by pretreatment with the calcium chelator BAPTA-AM (10 mM). (b) The rate
of ischemia-mediated TUNEL-positive cell death was reduced by ;56%, after pretreatment with BAPTA-AM (10 mM), compared with untreated control
retinas. *p , 0.05. (c) Ischemia-induced caspase-3 activation and PARP cleavage was reduced upon pretreatment with BAPTA-AM (10 mM). (d) Ischemic
retinas treated with 20 mM BAPTA-AM displayed different patterns of Ca1 ion movement from ischemic retinas. Furthermore, Ca21 chelation with BAPTA-
AM reduced the number of TUNEL-positive dead cells, particularly in INL and ONL. (Squares indicate area of retina detected; dotted lines indicate borders of
each layer of retina.) (e) Schematic representation showing that in the presence of the calcium chelator, Ca21 ion redistribution was delayed, and diffusion of
Ca21 into entire layers of retina was not detected under ischemic conditions, which was associated with decreased TUNEL-positive cell death.
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and intranuclear regions of the same cell, which was blocked
by pretreatment with BAPTA-AM. The changes in intracel-
lular Ca21 distribution are accompanied by cell death, as
shown in Fig. 4 b, further supporting the hypothesis that these
alterations occur much earlier than apoptotic cell death.
However, Ca21 chelation with BAPTA-AM for 5 h reduced
the number of TUNEL-positive apoptotic cells by ;56%,
compared with untreated control retinas. Furthermore, is-
chemia-induced caspase-3 activation and PARP cleavage
were reduced after pretreatment with BAPTA-AM (Fig. 4 c).
This in vitro Ca21 distribution pattern is similar to Ca21
movement detected by TOF-SIMS in that Ca21 ion distri-
bution is altered before the induction of apoptosis.
With intravitreous injection of BAPTA-AM before the
induction of ischemia, Na1, Mg1, and K1 distribution was
similar to that in control retinas (data not shown), whereas
Ca1 distribution was distinct (Fig. 4 d). Compared with is-
chemic retinas in the absence of BAPTA-AM, delayed Ca21
ion movement into plexiform layers was detected in BAPTA-
AM-treated retinas, after ischemia induction (24 h of ische-
mia). Moreover, diffusion of Ca21 into entire layers was not
detected, even at 72 h of ischemia. Thus, Ca21 chelation with
BAPTA-AM led to a reduction in the number of TUNEL-
positive cells in INL and ONL. Speciﬁcally, Ca21 chelation
with BAPTA-AM blocked Ca21 diffusion, thus contributing
to the prevention of neuronal cell death (Fig. 4 e). These results
support the hypothesis that Ca21 redistribution occurs during
retinal ischemia, which may participate in retinal cell death.
DISCUSSION
We observed Ca21 ion movement, which progresses from
GCL to ONL during apoptotic retinal cell death, using TOF-
SIMS. This is a label-free technique, which overcomes the
necessity for chemical labeling, insufﬁcient chemical speci-
ﬁcity, and low spatial resolution.
In the animal model of carotid ligation, all retinal layers are
simultaneously damaged by occlusion of retinal vessels.
However, the differences of susceptibility to ischemia between
retinal cells of each layer would be a cause of successive
progression of cell death in ischemia. The susceptibility of
retinal cells to ischemia is dependent on each cell’s repertoire
of receptors and/or ion channels. The degree of depolariza-
tion of the neuronal cells during ischemia will depend on the
quantity and type of the combination of excitatory versus
inhibitory input. Other factors also play a part in suscepti-
bility during ischemia, including the ability to buffer intra-
cellular Ca21, extracellular pH, and the cells’ ability to
quench free radicals. It is commonly believed, because of
numerous in vitro experiments, that Ca21 is a major mediator
of cell death in ischemia. However, it is not known to what
extent results obtained in vitro can be extrapolated to the in
vivo conditions.
TOF-SIMS allowed us to examine the order of cell death
under ischemic conditions in retinal tissues, which is closely
related to changes in Ca21 ion distribution. As previously
reported, the inner retina seems to be more sensitive than the
outer retina to ischemia, possibly because Ca21 movement
occurs from GCL to ONL. Although why ONL photore-
ceptors appear to be less sensitive to ischemia remains un-
known, one possibility is that photoreceptors might buffer
Ca21 changes more efﬁciently than other layers do. In the
same way, Ca21movement into ONL was detected later than
in other layers, including GCL and INL, in the ischemic
retinas, which results in the cell death later in ONL than in
other layers.
Currently, this technique is limited only to resolving intra-
cellular versus extracellular ions, identifying the compart-
mental localization of ions, and determining the compartment
from which ions have come when changes are seen. How-
ever, changes in Ca21 distribution within the affected layers
were closely related to apoptotic events, which indicate rel-
evant coordination of ionic movement in the tissue with
biochemical reactions. Thus, our study demonstrates the
suitability of TOF-SIMS for monitoring the movement of
speciﬁc ions in retinal tissue. Our ﬁndings have also eluci-
dated the relationship between Ca21 ion movement and is-
chemia-induced cell death.
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